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Influence of fuel injection position and equivalent
mixture ratio on chemical non-equilibrium
effects of single expansion ramp nozzle
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Abstract; Chemical non-equilibrium flow was investigated for the scramjet single expansion ramp nozzle
(SERN) with a strut-based liquid-kerosene-fueled combustor. Two-dimensional Reynolds-averaged Navier-
Stokes(RANS) equations were solved with the species conservation equation for continuous phase and the
renormalization group(RNG) k-e turbulence model. Lagrangian discrete-phase model was analyzed fer liquid-
kerosene droplets behavior in the supersonic stream. Combustion was simulated by-Kerosene-surrogate fuel’s
10-species and 13-step reduced reaction kinetics mechanism with use of Arrhenius’s laminar finité rate model.
Parametric studies were carried out to estimate the influence of different fuel injection positions and equivalent
mixture ratios on the SERN chemical non-equilibrium effects. Numerical calculation results show that the strut-
based combustor enables convenient modeling of various SERN ‘entry conditionsswhich is similar with many
preceding investigations, by changing the injector strut position and controlling the mass flow rate of each injec-
tor. Chemical non-equilibrium effects funetion in the-whole SERN, especially in/the initial flow expansion
region.leads to obviously higher SERN performance-of the non-equilibrium flow than that of the frozen flow.
Furthermore, the distributed fuel injection pattern plays a sighificant role-in enhancing the combustion efficien-
cy in combustor,but weakening\the chemical non=equilibriumeffects funciton in SERN. Additionally,while the
equivalent mixture ratio increasesthe SERN thrust coefficient and lift coefficient rise gradually,and the incre-
ment of non-equilibrium flow ‘in relation to frozen flow becomes higher as well. To be specific, the equivalent
mixture ratio is 0.6, the maximum_increment of thrust coefficient and lift coefficient are 11.6% and

25% respectively.
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Liquid hydrocarbon fuel, such as aviation
kerosene, is desirable and most promising in
lower hypersonic regions (Ma<Z8) that are cur-
rent interest, in view of its higher volumetric
energy content, lower cost, and relative ease of
handling, etc. However, atomization, vaporiza-
tion, and mixing are some of the major barriers
in the liquid-kerosene-based scramjet combus-
tor. Furthermore, the kerosene fuel is composed

of a variety of hydrocarbons (from C, to Cy)
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leading to multi-level physical-chemical combus-
tion reactions, which increases the delay time of
heat release, whereas the flow residence time in
scramjet combustor is very short (several milli-
seconds)™ . All these issues contribute to the
generally low combustion efficiency of liquid-
kerosene-based scramjet. As a result, the influ-
ence of residual fuel combustion in scramjet tail

nozzle on engine performance can not be ignored

and, in addition, a considerable fraction of dis-
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sociated combustion products due to the high
temperature in combustor carries recombination
reaction and releases heat during flow expansion
in the scramjet nozzle. Hence, the chemical non-
equilibrium effects should be taken into account
for kerosene-based scramjet nozzle performance.
Recently, research on supersonic combustion of
kerosene has made a great progress at home and
abroad**!, but few scholars conduct an investi-
gation on chemical non-equilibrium flow of resid-
ual kerosene and combustion products reaction in

scramjet nozzle. WANG et al. and Thomas et
[4-5

al. " numerically simulated the non-equilibrium
expansion flow of hydrogen-fueled scramjet noz-
zle respectively., and indicated that the chemical
non-equilibrium has a noteworthy impact on per-
formance of scramjet nozzle. Besides, chemical
non-equilibrium effects have attracted serious atten-
tion on the high-enthalpy shock tunnel study"*.
The entry conditions of scramjet nozzle are
serious non-uniform because of the<particular
combustor structure, and have tremendous in=
fluences on the reaction processes-and thrust
characteristicsc~To predict, the\nozzle flow=field
accurately, it 1S necessary \to use a ‘simplified
combustor to simulate the scramjet nozzle entry

fuel-injectionstrategies,

€]
’

Several

such as strutt™, wall

configurations™'"

conditions.
ramp"”, and cavity
, havebeen investigated in full-
scale combustors in the recent past. The strut-
based combustor could simulate different scram-
jet nozzle inlet conditions more conveniently by
controlling the mass flow of each strut injector.
A large number of experimental and numerical
studies were reported in the literatures to focus
on various aspects of flow phenomena in strut-

) The optimum

based scramjet combustors
kerosene flow rate distribution through different
strut injectors that gives the maximum combus-
tor efficiency along with the minimum pressure
loss and the maximum uniformity in the exit
static temperature has been discussed by Ramya
and Marathe'"'. In addition, in the preceding
Lagrangian

numerical simulationst """, the

tracking method was used for discrete-phase

model (DPM) to characterize the flow behavior
of the liquid kerosene, and the fuel injector was
modeled as surface injector, wherein droplets
were injected with constant diameter.

In this work, numerical simulations have
been carried out to investigate the chemical non-
equilibrium flow and thrust characteristics of
scramjet nozzle with kerosene-fueled strut-based
combustor and Lagrangian discrete-phase model.
The chemical non-equilibrium effects of scramjet
nozzle are estimated with different kerosene in-

jection positions and equivalent mixture ratios.

1 Computational configuration

As a typical scramjet nozzle structure, the
SERN has the advantage of-minimizing friction
drag and nozzle weight while extracting thrust
from the high=pressure flow, on\the“scramjet aft-
bedy.

Rao’s nozzle approach™™ has been proposed to

In the present, work, an approximate

establish-the computational SERN model shown
in Fig. 1. The-tamp’ consists of a short entrance
with_radius R; = 0. 225 and the Rao’s spline
ctirve BE with initial expansion angle 8 =32.7°
and exit angle Bz =5. 7°. With divergence angle
0=3°, the cowl’s length L, is 4, and the SERN
total length L and exit height H, are 18. 08 and
5.52, respectively. Here all of the lengths are

non-dimensionalized with the nozzle inlet height H;.
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Fig. 1 Schematic of single expansion ramp nozzle

H,

To predict the chemical non-equilibrium
flow in scramjet SERN accurately, a strut-based
combustor is used to simulate the nozzle entry
conditions in this work. The geometry and mesh
of the combustor with strut arrangement is given
in Fig. 2, and a close-up view of the strut is

shown in Fig. 3. The combustor has a total of
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combustor
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Fig. 3 Close-up view of strut

three groups of struts distributed in two stages:
Each strut group consists of an injector_strut o=
cated upstream and a-followed flame=hold strut:
The sharp leading edges of injector strut aré-de-
signed to keep the shock attaching, and the trai-
ling edges are parallel with mainstream forfuel
injection. The flame-hold strut with™a 55° lead-
ing-edge angle is provided fot flame stabilization
and to enhance mixing:” The spanwise staggered
arrangement of the struts could conveniently
simulate different scramjet SERN entry condi-
tions by controlling the mass flow rate of each
strut injector, and together with the divergence
provided on the combustor walls intend to avoid
thermal choking for operating conditions studied
in this paper. Kerosene is injected from the in-
jection surfaces (each of 1 mm in length) in the
transverse direction (i. e., in the positive and
negative y direction). Since the injector dimen-
sion is exceedingly small compared with the di-
mensions of the strut-based combustor and
SERN, very fine meshing is necessary to have at
least a few facets on the injection surface. The
whole computational domain is discretized by
22 818 quadrilateral grids, and 12 698 cells

therein belong to the strut-based combustor.
2 Methodology

2.1 Governing equations

In the simulations, two-dimensional com-
pressible and turbulent Reynolds-averaged Navi-
er-Stokes equations are solved along with the
species conservation equation for the continuous
phase. In a Cartesian coordinate system, the
aforesaid RANS can be written in vector nota-
tion as

JU JE | JF JE, , IF,

5oy T o oy

+H (D

where, U is the conservative variable; E,F are
the convective vectors; E&F, are. the viscid
terms; H is the chemiical seurce term!, and the

species mass fraction wis defined/ as

9 S _ A [ &V_w]
ﬁt(‘ow) jL3771(‘0“’"&)) an[ Pr 6. )dm
m=\x,y (2)

where, 0s unsPry and Jo. are the density, velocity
components, Prandtl number and constant coef-
ficient, respectively; = p + p is the total vis-
cosity with g and g being the laminar and turbu-
fent viscosities.

The calculations have been carried out using
the fully implicit finite volume method, and nu-
merical upwind schemes are adopted to ensure
global convergence of mass, momentum, ener-
gy, and species. To capture the flow features
accurately, the discretization of the convective
terms is done by a second-order upwind-differ-
ence scheme. The turbulence model applies the
two-equation RNG k-¢ model with non-equilibri-

um wall functionst'™,

2.2 Kerosene combustion kinetics mechanism

Derived from petroleum, kerosene fuel is a
complex mixture of many components, whose
exact composition and properties vary from
batch to batch, and it is reported that kerosene
consists of 10 hydrocarbons containing 10 — 16
carbon atoms per molecule!™. Obviously, 10
species for kerosene would be highly inefficient
in any kind of performance calculations, so sur-

rogate fuel models and reduced chemical kinetics
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mechanisms are usually adopted to simulate the

kerosene combustion. Several surrogate fuel
models, such as C,, Hyy, Ci; Hyss Ciz Hyy and
Ci2Hy» have been used to represent kerosene so

[1820] 1o

far, whereas the surrogate fuel Ci; Hys
ches reasonably well with the thermophysical-
chemical characteristics of aviation kerosene in-
cluding averaged molecular weight, heat of com-
bustion,etc. In this study, a 10-species and 13-
step reduced kerosene combustion kinetics mech-
anism given in Table 1?1, which applies the

Arrhenius’s laminar finite rate model, is em-

Table 1 Reduced kerosene combustion Kkinetics mechanism (units: cm-s-mol-cal-K)

ployed to predict the chemical non-equilibrium
flow in scramjet SERN. The first chemical equa-
tion in Table 1 is the decomposition reaction of
kerosene surrogate fuel C;; Hy;» and the M term
in Eq. (2) —Eq. (6) is third-body collision part-
ner, which does not actively participate in reac-
tions. The reaction rate for each elementary step
is in Arrhenius form as in Eq. (3), where A is
the pre-exponential constant; T is the tempera-
ture; Bis the temperature dependency exponent;
and E is the activation energy.

k= AT"e "Xt (3

[20-21]

No. Chemical equation A B E/cal
1 2C1: Hys +120,=24CO+23H, 1. 80X 10° 0 30,000
2 M+04+0=0,+M 2.55X 10 -1 0
3 M+H+H=H,+M 5.00%10' 0 0
4 M+H+0=0H+M 1.,00X 10" 0 0
5 M-+H-+OH=H,Q+M 8. 40X 10% —2 0
6 M—+CO+O0=€Q, +M 6.00X10" 0 0
7 H, +0, =0H+OH 1,70 10" 0 47803. 02
8 OH+H;=H,0O+H 2.19%10" 0 51437.4
9 OH+OH=H,0+0 6.02X10" 0 1092.3
10 O+H,=H+OH 1. 80X 10" 1 8897. 28
11 H+0,=0+0H 1. 22X 10" —0.91 16620. 8
12 cO+0OH=H+CO; 4.00X10" 1 8003.58
13 CO+0,=0+CO; 3.00X10" 1 49650

2.3 Discrete-phase model

In this investigation, the strut-based fuel

injectors are modeled as surface injectors,
wherein droplets are injected from each dis-
cretized face of injector with constant diameter.
Since kerosene fuel is injected in liquid phase in
the form of droplets, the lLagrangian tracking
method is adopted for the DPM to characterize
the flow behavior of the dispersed-phase fluid.
In consideration of each particle of the dispersed
phase interacting with the continuous phase and
other particles individually, tracking the inde-
pendent particles through the flowfield is the

most widely applied method. Mass, momentum,

and energy transfer between the two phases are
Besides,

the drag force on the dispersed droplets is calcu-

taken into account in the simulation.

lated by using the spherical law™®, and the dis-
persive effect of the instantaneous velocity fluc-
tuations of the turbulent continuous phase flow-
field on the droplet trajectory is accounted for
applying an implicit tracking model. However,
droplet collision and breakup have been ignored

in the analysis.
2.4 Boundary conditions

In the earlier studies'"*’, under the condi-
tion of typical scramjet operating Mach number

Ma=6 and altitude H=25km, the freestream
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static pressure and static temperature were ap-
proximate 2550 Pa and 220K, respectively. Con-
sidering the flow compression and frictional
heating inside the intake, ideal air (the mass
fraction of O, is 0. 254, and the rest is N;) enters
the combustor with the inlet conditions of stagnation
pressure, stagnation temperature and Mach number
specified 1. 0 MPa, 2000K and 1.5, respectively.
Liquid kerosene is injected from six injection
surfaces in the form of droplets with uniform di-
ameter of 0.1pm at 350 K. The scramjet
equivalent mixture ratio ¢ is defined as in Eq. (4)
in accordance with the kerosene global reaction
Eq. (5) described by the surrogate fuel model
Ci2Hy; in this work, where mieowne 18 the kero-
sene mass flow, and M is molar mass; ax, is the
O, mass fraction of the ideal air. To investigate
the complex non-equilibrium flow features in the
SERN and to obtain the thrust characteristics for
chemical non-equilibrium effects, various numer-
ical simulations are performed with_ different
kerosene injection positions and equivalent mix-
ture ratios. In addition; all the flow.variables-at
outlet are determined from the interior of-the
computational domain\ by extrapolation, and-the

walls are considered stationary and adiabatie:

’r.nksro,iet\e M()7
e= 1775 —F—— 4)
Myir QX)Z Mkcroscnc
C12 H23 TL 17. 75()2 — 12C()2 + 11. 5Hg()
(&))

3 Results and discussion

3.1 Combustion feature and SERN entry conditions

To depict the combustion development
process, the total temperature distribution inside
the strut-based combustor at equivalent mixture
ratio e=0. 5 is presented in Fig. 4. Because of
hypothermal liquid kerosene fuel injection, the
total temperature is seen to reduce downstream
of the injector struts and again rise further
downstream due to kerosene combustion. As a
close-up view in Fig. 3, the localized backflow
and vortices at the low velocity regions behind

the flame-hold struts contribute to the mixing of

the kerosene with the oxidizer. The total tem-
perature downstream of the flame-hold struts
varies with the heat release associated with the
mixing effect and relevant reaction processes.
Axial distributions of the area-averaged static
temperature Thems Mdmen» total pressure pimen
and mass-averaged species mass fractions at vari-
ous cross sections in the combustor are illustra-
ted in Fig. 5. Since trifling flow expansion up-
stream of the struts, the area-averaged static
temperature decreases slowly and the Mach
number rises gently. Because of oblique shock
from the struts and intense heat release, the
area-averaged Mach number reduces significantly
within the struts region and again- accelerates
downstream of the struts due~to divérgence of
the combustor,~but'the area-averaged $tatic tem-
peratute contindously ascends, from the first
stage of strut group. \In addition, the loss of
area-averaged total pressure owing to the inter-
action_of-shock) and /combusStion in the strut-
based. combustor is-about 0. 35 MPa in this case.
The._mass-averaged species mass fractions in
Fig:-5 are 0 until the kerosene injection and dissoci-
ation, and then the mass fractions of the inter-
mediate particle OH, the final products CO, and

H,O are unceasingly going up in the combustor.
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Fig. 4 Total temperature distribution in

strut-based combustor at e=0.5

Distribution curves of the primary SERN in-
let parameters at equivalent mixture ratio e=0. 5
with equal mass flow rate for all six injection

surfaces are given in Fig. 6. Every parameter is
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Fig. 5 Variation of average parameters along strut-based combustor axis at e=0. 5

seen to fluctuate along the inlet cross section
corresponding with the strut position, neverthe-
less small discrepancy occurs between the central
and side regions due to the different distances
This in-

dicates that various SERN entry conditions_could

from the SERN entrance of the struts.

be conveniently modeled by changing the injector
strut position and controlling“the mass-flow rate
of every injector. In-additiony it is to_be noted
that the incomplete, combustion in\ the strut=
based combustor brings considerable mass fraes=
tion of intermediate product CO at\the nozzle in-
let, and then the recombination reactions of CO
and other intermediaté particles will be carried
on in the single expansion ramp nozzle. Fig. 7
shows the primary area-averaged SERN inlet pa-
rameters for different equivalent mixture ratios.
The combustion efficiency 7 in this figure is de-
fined as the ratio of the actual CO, formed at the
SERN entrance to the ideal CO, that can be
formed from the reaction Eq. (5). It reveals that
higher equivalent mixture ratio leads to higher
area-averaged pressure pun., and temperature
Toen but lower area-averaged Mach number
Mauen s combustion efficiency tens total pres-
sure recovery coefficient 6, and specific heat
ratio Ymen Of the SERN inlet cross section be-
cause of higher heat release and stronger shock
waves in the strut-based combustor. The varia-
tion ranges of these mean parameters (with ppeun

being 0.19 MPa to 0.37 MPa, T, being

1680 K to 2420 K, Mayarbeing 1. 17 to 1. 57,
Tmean Deing 0. 51 to~0. 85, Gpean being 0. 67 to
0. 75, and Ysan being 1. 28 to 1. 30, reSpectively)
are similar-with the preceding investigations by
WANG et al. ., Manna et al, , Ramya et al.,
Pierce et al. , LIU et al.\"""1"%%) 0 which dem-
onstrates that the computed SERN entry condi-
tions by the strut-based combustor are appropri-

ate and reliable in this work.

TK
600 1200 1800 2400 3000 3600
| LI | LB I LB I LB l L |
P/MPa
0.2 0.4 0.6
0.05 ™
003t S
—a—
0.01 —— 1
£ —=-= 0
= F M. _~“ 85 a0 ------ (]U:
-0.01 — HO
_e_ '}’
B
- I I | 1 1 1 |
0.05 0.2 0.4 0.6
Mass fraction of CO, CO,, H,0
T T T T T T N S Y S M |
] 0.3 0.6 0.9 1.2 1.5

Specific heat ratio ¥

Fig. 6 Distribution curves of primary SERN inlet

parameters at e=0. 5
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Fig. 7 Area-averaged SERN inlet parameters for different equivalent mixture ratios

3.2 Chemical non-equilibrium effects

Distribution of mass fraction of OH in the
SERN and variations of mass-averaged species
mass fractions along the SERN length which
have taken the free stream off at equivalent mix-
ture ratio e = 0. 5 are presented in Fig: 8-and
Fig. 9, respectively. Because the predominant
recombination reactions are ongoing throughout
the SERN, the mass fractions of ‘intermediate
products O, H, OH and CO continuously de-
crease, whereas the final product\CO; forms un<
remittingly, which demonstrates that-the flow
inside the SERN behaves in ¢hemical non-equi-
librium character. {Furthermore, the noteworthy

variation rates of all these species are seen up

to =600 mm, and beyond that, almost all of
the species mass fractions are séemingly invaria-
ble (with inappreciable variation/ ranges) due to
the approximate frozen flow\incurred by the low

témperfature in the region whére x>600 mm.
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0.6r " 0.69 3.70

F ree

240 910 stream

Free
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Fig. 8 Contours of OH mass fraction in SERN

at e=0.5
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Fig. 9 Variations of mass-averaged species mass fractions along SERN length at e=0.5
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To investigate the chemical non-equilibrium
effects in the SERN flowfield, the variations of
mass-averaged flow parameters with the free
stream eliminated along the SERN length and
the distributions of SERN wall pressures of the
reacting flow and frozen flow (with the selfsame
nozzle inlet conditions) at equivalent mixture ra-
tio e=0. 5 are compared in Fig. 10 and Fig. 11,
respectively. The mass-averaged pressure, tem-
perature, total temperature and the distribution-

al wall pressures of the non-equilibrium flow are

P Wp— ]
3.5~ 106
3.0k
B N
C 10° 5
25k -
s <
2.0
B 107
1.5+
: 107 [ T TR T S B!

1.0

seen to be obviously higher than those of the fro-
zen flow, but the mass-averaged Ma behaves
contrarily owing to the interaction of flow ex-
pansion and significant amount of heat release
revealed from the total temperature variation
curve in the non-equilibrium flowfield. Moreo-
ver, the added wall pressure of the non-equilib-
rium flow relative to the frozen flow leads to
about 10. 8% and 23. 6% increment of the SERN
thrust and lift at e=0.5, respectively.

non—ssquilibrivim

—2400 = 3200

- 2000 — 3000

1600 £ ~ 2800

TIK

1200 = 2600

T Sl T e 1)) = 2400
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1200 1800

Fig. 10 Comparison of|variations of mass-averaged non-equilibrium and frozen flow parameters

along SERN length at e=0.5

) "
—————— Prasspnon-epitibeiucs

quilibrium

J
0 600 1200 1800
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Fig. 11 Comparison of SERN wall pressure
distributions of non-equilibrium
and frozen flow at e=0.5
3.3 Influence of fuel injection position

Four different injection cases at equivalent

mixture ratio e=0. 1 given in Table 2 are used to
investigate the influence of fuel injection posi-
tions on the chemical non-equilibrium flow in
SERN. The variations of mass-averaged total
temperature T, and species mass fractions along
SERN length which have eliminated the free
stream are compared in Fig. 12 for these cases.

For case 4, attributing to the distributed fuel in-

Table 2 Cases for different fuel injection positions

Injector strut

Case
Upper Middle Nether
1 X N X
2 N N X
3 X J J
1 N, v N
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jection pattern, the total temperature and final
product CO, in SERN are the highest, and the
intermediate product OH is the lowest among
these cases, whereas all of the parameters be-
have quite the contrary for case 1. On the other
hand, it is to be noted that the variation ranges
of the aforementioned parameters in SERN for

case 4 are the smallest, but the largest for case

0.0018

1. In addition, the values and variation ranges of
all the parameters for case 2 and case 3 are be-
tween those for case 1 and case 4. This indicates
that the more distributed fuel injection pattern

leads to higher combustion efficiency in combus-

tor but lower chemical non-equilibrium effects in

SERN.
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Fig. 12 Variations of-mass-averaged parameéters

different fuel injection position

The thrust coefficient Cr and lift\coefficient

0.44

cases

- .

L s -

along"SERN"length for

* F.non—csquilibrinm

* Lnon=eequilibrium

— = f.‘lf'.fnu--u =5

«

C.. are adopted to evaluate the SERN perform-
ance in this paper, which are \defined-as in Eq.
(6) and Eq. (7), where/ F, I, q and A are the
nozzle thrust, nozzle lift;” dynamic pressure in
flight and capture area of the scramjet intake
port, respectively. The SERN Cr and C of the
four different fuel injection position cases are
compared in Fig. 13, where the noozle thrust F
and nozzle lift L are calculated from the pressure
integral on the ramp and cowl. In addition, the
dynamic pressure p is 64 238 Pa (with operating
Mach number and altitude are 6 and 25 km, re-
spectively), and the capture area Ais 0.5 m?. In
this figure, the variable ¢ defined as the SERN
performance increment of chemical non-equilibri-
um flow relative to frozen flow is described in
Eq. (8). Also due to the distributed fuel injec-
tion pattern and intense heat released in combus-
tor, the SERN Cr and C; for case 4 are highest

among these cases, but the lowest for case 1.

*Lfrozen ]

036F 052
0.34% 050 3 5 2 0
Case
Fig. 13 Comparison of SERN performance for

different fuel injection position cases at e=0. 1

Moreover, the thrust coefficient Cr for case 2 is
slightly higher than that for case 3, whereas the
lift coefficient C; for case 2 is negligibly lower
than that for case 3. As a consequence, it im-
plies that the combustion domain abutting ramp
would conveniently transform the releasing heat
into SERN thrust, whereas the combustion do-

main adjacent cowl would result in comparatively
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higher SERN lift. Besides, the SERN thrust co-
efficient Cr and lift coefficient C; of non-equilib-
rium flow are seen to be significantly higher than
those of frozen flow. The maximum and mini-
mum performance increments (8¢ and ¢ ) ow-
ing to the chemical non-equilibrium effects occur
at case 1 and case 4, respectively. Furthermore,
the SERN lift coefficient increment 8¢ is seen to
be more prominent than the thrust coefficient in-
crement Ocr for all the four cases.
Cr=F/(qg+ A (6)
C.=L/(qgs N D)

) C
8 _ (/F( L) .non-equilibrium ~ \“F(L), frozen X 100 % (8)

C
F(L) . frozen

3.4 Influence of equivalent mixture ratio

Getting rid of the free stream, variations of
mass-averaged CO, mass fraction and total tem-
perature T, along the SERN length for different
equivalent mixture ratio cases with equal fuel in-
jection rate for all injector struts are compared in
Fig. 14 and Fig. 15, respectively. It can_be seen
that the value and variation-trange of-the final
product CO, in SERN-increase continuously with
rise in equivalent mixture ratio &, and yet thein-
crease rates are slower at the higher e\ Besides,
the increased variation range of mass fraction of
CO; can be explained to) result by the stronger
in SERN.

These are consistent-with the total temperature

chemical non-equilibrium effects
variation trend. The SERN thrust coefficient Cr
and lift coefficient C; of the non-equilibrium flow

The
calculation results show that the SERN perform-

and frozen flow are compared in Fig. 16.

ance of chemical non-equilibrium flow obviously
preponderates over that of the frozen flow.
While the equivalent mixture ratio e increases,
the SERN Cr and C; rise gradually, and thrust
coefficient increment and lift coefficient incre-
ment(dcr and 8. ) become higher as well. In ad-
dition, due to the chemical non-equilibrium
effects in SERN, the lift coefficient increment
Ocr. 1s more dominant relative to the thrust coeffi-
cient increment Ocr. To be specific, the mini-

mum O and 8¢ occurring at e=0. 1 are 0. 3%

and 1. 3%, respectively; and the maximum O

Mass fraction of (:{]‘

Fig.

Fig.

C.C,
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14 Variation of mass-averaged CO, mass fraction
along SERN length for different equivalent

mixture ratio cases
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15 Variation of mass-averaged total temperature
along SERN length for different equivalent

mixture ratio cases
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Fig. 16 SERN performance vs. equivalent

mixture ratio
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and &g, occurring at e=0. 6 are 11. 6% and 25%,

respectively.

4 Conclusions

Numerical simulations are carried out to an-
alyze the chemical non-equilibrium flow and per-
formance of scramjet SERN with a strut-based
liquid-kerosene-fueled combustor. Two-dimen-
sional RANS equations are solved with the spe-
cies conservation equation for continuous phase
and the RNG k -¢ turbulence model. The flow
behavior of liquid-kerosene droplets is character-
ized by employing the discrete-phase model with
Lagrangian tracking method. Combustion is
modeled by kerosene surrogate fuel C,; H;’s 10-
species and 13-step reduced reaction kinetics
mechanism applying the Arrhenius’s laminar fi-
nite rate model. The calculation results show
that the strut-based combustor could convenient-
ly simulate various SERN entry conditions,
which is similar to many preceding<investiga-
tions, by changing the injector strut pesition and
controlling the mass flow rate of every injector.
The computed~mass-averaged \properties along
SERN length demonstrate that chemical non=e-
quilibrium effects behave in ‘the whole SERN,
especially noteworthy in)the initial flow expan-
sion region, which leads t6 obviously higher
SERN performanceé_of-the non-equilibrium flow
than that of frozen flow. The comparisons of
different fuel injection position cases revealed
that the more distributed fuel injection pattern
plays a significant role in resulting in higher
combustion efficiency in combustor but lower
chemical non-equilibrium effects in the SERN.
Through comparison of nozzle thrust coefficient
and lift coefficient for different equivalent mix-
ture ratio cases, it reasons out that while the
equivalent mixture ratio € increases, the SERN
thrust coefficient Cr and lift coefficient C, rise
gradually, and the increment of non-equilibrium
flow relative to frozen flow (8¢r and 0¢.) become
higher as well. To be specific, the maximum Jc
and 8 in this work occurring at e= 0. 6 are
11. 6% and 25% s respectively.
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